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Pr\ I’l'i liiu*. Mil* >s\.st«'tns lor i-o.^-Uioiiti;!! :.**l.ii |*o\\or«'il K.inlviiu' Oi'inpi «'s«.iou 

;iir » *'niiili«*nt'rs li;i\«' l’t’«'ii <'roiu>nMo;ill\ oplinu.'i'il ;iml oomp;m-il witli llu- oo.sl **l ;i 
wt'l o«'*'liiU'. Ii'wor. Ki'.sulls in (lM lM^ ol \ o.n h mo kmiumiPiI bii.sl*;n I'o.sl liiio lo tlu* 
ii.so ol (ir\ oi'i'luu’, li!i\»' I'i'on pi o.'-oiiloil lt*r rlul;uiolplu.i ;iiwl Mi.um Willi mpiit 
li.il.'i oon «'.'-|*onilmp, lo lo»';il wo.itlior, onoi r.\ imU* :iiui onpit.il i or.i.s, ooiuloii.sor Mir 
l.iOi* tioMr.ii.s Miul piM loi nmnoi', lt\«' oompiitoi i.’i-vl optnm.Mlmii pror.rmn \ U'Ki.s tic- 
.sir.ii .vpooilu'.'it ioii:> »>l llio Mil* ^s.^toiu wlimli li;i:. llio ^'\^o^t iiimiiil iiioroiiioiil ,il oo^.t 

l\ I KOI'l i‘ rU'N 

All i-omlil loiior:. r»'|Oi-l \\;i:-Io IumI Io iho i‘ii\ i roiiiiioiit lliroiir.li o\ .ipoi .ilu o iwoO 
i->'i’lmp. U'Wi'i'.s or .111' plr\l i-ooKm :. I'lm K'.s.s ot u.itoi t roin tlu> K'l iiioi li* llio 
loo;il .iliuo}.plioro i.‘. *piiIo o\loii.si\ «' Atliroo Ion .si*l;ir pi>\\ «’i oil .11 1 oi'iulit lono r 
ounippoil \* ilh ll.it pliili' oolloolor.'' \ .i|H*ri. o.s ;ippro\iiii.itol\ 11 ’* Uilo^ranm ll*i 
ol w.ilor pi'r hour, I*;im'iI upon ;in o\or.ill ooollioionl ol po rloriii ,11100 ol 0 no ol 
Ilio iiiMohino Piirinr. llio snnmior iiionlh.s In an ml*. in oonlor. Iho .nlililion ol w.ilor 
vapor lo Iho .iiiibionl air i.‘. ollon iMiv 1 ronnionl .il I \ ol>|oolion.il*lo. ll i.>. il.'^o Uiiown 
lhal Iho inoroa.*.o ol nioi.-.Uiro in .111 oan;.o.‘. low Ihorin.il ollioionov ol iho oolloolor 
I'lirlhoi nioro, Iho i 1 ronl.ilinp, w.ilor i.^* ohonuoallv In'.iloil tor .iiili oor ro.sion aiul 
anil lioo.inr., aiul iho ili.'.oharp.o ol Mioh w.ilor tor ni. mil on. 11100 ni.iv o\ orhuiilon 
om oM.'.linr, w ;iIoi lii'alinonl pl.inl:. in ni.inv nu'lropolil.in .110. in 

rho iliv ooolinr. ;.v.->loin ha:. lour onl;.l .iiiilinr. ,ul\ .ml .ir.o.s o>' >'*' harinlnl or 
V i.'.iMo pollnlion ili:-oharp.i'. il*' pr.iolioallv lu.iinlonanoo 1 roo, vo' ''*’ roMinromonl 
h*r a w.iloi iro.ilmonl pl.inl. .iiul oh iho ol iiiiin.il ion ol iii.iUo up walor .-.upplv 

I'ooan.so ol iho.-.o ooii;.iilor,ilioii:.. :.ol.ir itriv on .ur ooiulil lonoi ilo.'.ir.n<'*l h’>' 
wiilo .'ipro.iil ro.'.iiloni i.il nIili..iIion m.iv l*o ri'ipiiroil lo ii:.o ill v ooolinr, ll i.-- 
noloil Ih.il Ilio oiii roiil iloi.ir.n ol iho ooniiuoroi ,il liliuiim ImoihuIo w.ilor .il*:.oi pi ion 
an ooiiihlionoi :. i:. noi :.iiil.il*lo loi ii:mu; ili \ ooolinr. iliio lo :.il*lo I ll'i 
o I V :.l .ll 1 1 . .ll ion III iho ,il*:.orl*or ,il hir.h .inibionl .11 r loinpor.iliiro... I'hi:. proMom 
imi;.l 1*0 ...olvoil boloro ilrv ooolinr. oan bo .nl.iploil lo iho ,111 ooiiihlionor liooont 
.••liiillo;. ol ...ol.ir .ib.'.orpi ion ,iir oonihlioninr. :.\ .••loin;, h.ivo boon ooiiooi noil with 
Iho.'.o iniiippoil with w ol ooolinr, low or:, nobs I .iiul In ihi.*. .■•luilv iho ili v 

ooolinr. I:. pn*po:.oil loi .1 ;.ol.ii poworoil K.inUino ooin(*ro.s:. ion .iir ooiuhlionoi 
A:, oompai oil lo w ol ooolinr.. .1 po.‘.:.iblo ili:..iil\ .iiil.ir.o .i:..'.ooi .iloil wilh ili \ 
ooolinp, i:. lli.il llio l.illor :.\:.|om roniiiro.-. Iiir.hor o.ipil.il .iiiil opor.iliiu; oo:.ls 
oillhoiir.h hull' 111. union. 11100 oo;.| i;. involvoih llio ho.il li.iin.loi b\ ,iir i:. ninoli 
lo.''.'^ ollooliv o ih.in b\ w.ilor. In .ulililion, Iho o\ or. ill oool I loioiil ol porlorni.inoo 
ol .III .III ooiiili I lonor npiippoil with nonoonoont r ,il inr. .'.ol.ii oolloolor;. i:. niiilo low 
.Hill it roH'ol.s . 1 ... null'll .i.s Iwioo Iho .iinounl ol ho.il ,i:. .1 oonv onl lon.il \ .ipor 00111 



pivuHlon mm'luiu* ikti-H. TIuin, an iinop(imi/t>ti liry muI>- H.vhti'ni may lx* vim'v ronlly. 

riio objivUvt’ of tlilH 8tmly i8 to ivonoinii'aHy opllini/o tiu* (iry*i-oolin^ Hub- 
8\'titt*m for a Holar- | h>\V4M'ihI Uankiiu' rompivHhion air I'tiiutitionor 'lltc 4*oni|Hit«M'- 
i/(ul pro(;ram Holoi’tx tlu* Ih'hI tlr\-r«H)llnK 8iil>- HyhU'm (Ic8i|n< by opll> 

inl/tnf; tlu* Itoal transfor ami llirrnuxlvnaniu' ivlalloiiK with t'ronoinir traiU'-oMh 

Kt'ONOMU’ Ol' l lMI/A l inN 

Tlu* tviinoiuU* anal>8l8 1 h I>a8i'il on llu> I'apltal ami o|H>ratinK oohth ot tiu* solar- 
|M>\\or«*tl systrni whirh iiu‘or|Nirat(*s tlu* Itankim* va|Mtr 4*onipivs*«ton ctHtlln^ snlv- 
sysU'iu. Opliml/.alion !>'< bas«*d on niintinl/inK tlu* annual total cost im*rt*nu*nt 
lu'twoon ilry-i*o«)lln>; ami w*.*l-4*»M)lin^;. 

Systi'in Dosoriplion 

riu* 8i'lu*inatU* ausciubly of tlu* solar-|Miwi*rt*tl Itankim* oomprosslon air i*on 
ilitU>iu*r along with its thornuulynainii* pivssuiv-onthalpy tiiagrani for tlu working 
fliiiti Is shown In flgurt* I. ihily tlu* rooting imuk* of tlu* niarhim* is i*onsblt*r»*il in 
this study. Although hrating ran lu* arromplishrd with this syst(*ni, it is md ron- 
sidrrt*il in this rr|x»rl. Tlu* w«irking fluid rluist*n is l‘i4*i>n- I'- (11-12) This doi*s 
not mil* out till* usr of i>tlu*r fluids. Tlu* rl'frrt id tlu* tlu>rniod>naniir proprrtirs 
of |x>ti*ntlal working fluids on tlu* pi*rforn)ann* of a solar-drivrn lira! pump has 
bi'rn analy/.ril in rrlrri'iin* it. I’lu* systrni is drsignrd to providi* Ihrrr Ions ol 
air rondilioning at trmprraturrs ol 10*’ l' |.'*o“ n in tlu* i*va)x>rator and Stl.r/' i' 
(202** 1’) III Ihr lx»ilrr. Tlu* romlrnsing ti'inprratun* of tlu* woiking thud in tlu* 
air-rooli*d rondrnsrr is om* ol Ihr four systrni variabirs whirh will br disrussrd 
in a latrr srrtion. singlr lluid (It- 12) is utih/rd lor Ixdli Itankim* and i'oiu- 
prrssion ryrlrs for simplifird iipiipnirnl drsign, although thr usr ot dillrrrnl 
nuids |onr for Itankim* ryrlr and Ihr othrr lor Ihr romprrssion r\rli*) may yirld 
brttrr ovrrall rttirirnrirs 

riu* working fluid is va|H»ri/ril b\ thr lira! supplii*d by tin* hot w airr I rum 
rollrrlor or sloragr tank (not shown in fig. I), and thru rxpands in Ihr rxpandri 
to providi* thr (xwvrr for Ixdh rompn*ssor and pump. Thr rxhaust vapor from 
• hr i*Npandrr and Ihr romprrssid \a|x»r Iraiing tlu* romprrssor an* romirnsrd 
in till* air-rix)lrd r.>ndrnsi*r. .Vn appropriair amount of thr roiulrnsalr is pumprd 
to till* Iniilrr for va|x*ri/.ation wiiilr tin* rrniaining Iniuid (Ihr two mass How ratrs 
an* among thr outputs of thr drsign program) is adiabatirally rxpandrd through 
till* i*\pansion valvr to tlu* rva(H>ralor prrssun*. 

Thr thrrmal rffirii*nrv of Ihr Kankinr ryrlr, i; is 
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|H»\\ rr pnnliu'r*! <»\ l!w' kNV ilMii l»r> 
lor ll»o iniinp, kW »IMu hr) 

lioal vat*' I*’ Iho lH»il*'r hupplii'tl l*\ a**laf *‘oll*'»'l«»r Mtora>;«' ur.ll. k\V (IMu l*rl 
riu' *'***'IIU'l*’iU »*l |H'il**rmaa*’«', **or, **t ll\*' *'**mpr»'hN*«*u *'\*'l*' la, 


wlU'V*' 

*'«**>lluf; i'ai»a*‘il\ *’I lh«' a»r *v»*hM*»n*'r, k\V tUtu hr> 

\V^, |H'\\ *>r lor 111*' i'*»iu|'rt’aa*»r, kW ilMii hri 

Wllh \V^, " I''*’ »*' ‘’*’i**l 'H'''!’. la 

lU Ol’ '? . • v'l'l’ 
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l''i)ii.itl«Mta U' I*’ l-'l l‘*i' xaru'iis ooiulonaiiig l*'mpi'ralur«'a **l U I-’ ar«' pK'tl»'*l 
la llp.uro wlior*' 
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«'x a|H»ralor lonun'ralm *’, *’ x I'l 

l>**ili>r t«'mp*'raliir*’, *\' x‘’l i 
«'\pan»l*'r «'M lowiu'x , »limi'UaionU'aa 
pump oMu'U’iu’x , ilimi'Maii'iilt'aa 
*‘**mp*vaai*r *'tlik u'lU'x , »limi'uai*»nloaa 


i'»»i\*put«’n/*'*i * ’piimi/aiu'n l’r**p.ram 

l'h*> pjor.ram l«*r lli*' v’omput* i xxaa xxiitl*'n l»* *'arrx i'lil llu* muuim.’ati«>n »*l lh«' 
total annual *'»*al lni'r*'m*'Ul I h*' aanu' puul» hn*'a xxi'r*' apphi**! Ii*r l*oth »lrx i‘*'**lin>; 
an»l xxi’t t'i'olinp. xxh*'u *U'l«'rmininn axaU'iu *'t'nsl rainia, o>'iuluu*na, aiul lh*> atal*’ *'l 
ll\*' art llu’ pr*’i'.ram aasumplions, inpul ilala r«Hpnr«'m*'nla. axat**m xartal'U'a, 
oual *>iuali**ns, an.' i ro»'*’ilur*'s ar*' .'ulliiu'ti l>. I.*x\ 

Asaumpliona. I'h*' ptx'p.ram a^aumptlon^ ar*' Ih*' l**ll*»xx *np. 

I. ri\*’ air *'on.liH*»n*'r p«’r!.'ruiaiu'«' x aru’a xxilh i'l'iuk'nsinp. I*'m|v>ratur*' in 
ai'*'*’r.laiu'*' xxilli iliu .lala p.ix«'n in lip.ur*' 
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riu' b;i8t liiu* Holar i'olUH'l»»rH roiixitlrri'd ht'ivin arr ml« I’Uw'lv I'oaUal 

•» 

(tiiu'h a** blark i’!>roim»> am* bavr iwo ^lass fovorn wbu'b iK’luor 0 2.VJ kW m" 

(SO Ibu br-H“t i*t lu>at it' llw U»ilt’r. 

b. nu* |H*rt'i'nlanf» >.)l Uu' ftnOinK loatijt In varlmih hlU's aiv basrtl on tlv.» liata 
r«>|H>ri«>tl in I’oft’iviu’i* 1. Two t'ant'K fonHuit'ivtl bort'In aiv 77 poivonl ol ilu* b>lal 
load lor I’hilaiU’lphia ami 10 ivivi'nl lor Miami, 

1. riu* air-i’otili'tl foiu’.onwt’r it< a t«ini:lt' paa« fro«»-llo\v Iv|h* \tilb nOh IliiUlu 
lalr Hiik' ami l-'rtHm ttuliO nnmixoti, 

r». riu* air sblt* proNMiiv tirop afixthtt Ibo fomlrnwi'i* is lo bo kt'pl aU>vo ,i 

•> •> 

minimal x.ilin* (0.70 kjt m", i>r 2 lb ft“l in ortlor lo ovorot*mo a prossurt* tlilforonlial 
oausoti b\ ttimi. 

0. i'ttmli'nsor liiU>s art* Ihin ami llu ir llu*rmal rt'sislanoo is no^li^iblo as oom- 
parotl b» air I'Um r«*slslanoo 

7. I'bo livotl obarno ralo is 10.2 poivoni on (ho basis t>f *< ivrooni .n't rosi on 
llu* oapilal oosi li»r 20 yo.irs. 

bUHit tiala . - Input ilala inolmlo air ot»mblionor (H*rli>rmanoo (lin. 2), st*lar boat 
oolloolotl ami tiolivorotl lo ibo Utilor. poroonlano ol otHtling li>ail siipplioil b\ solar, 
bt*al oxobannor siirlaoo ami its porli>rm;;noo, miniimim air siilo prossiiro ilrop i>f 
Ibo oi'iulonsor, ralotl otutlini' oapaoHy i»l Ibo air oomlilionor, boilor lonnH'raliiro, 
ova|Hirali»r lom|H*raliiro, 'Vt*albor ilala (lomporaliirol of Ibo silo. pi*o|»oiiios ol ibo 
Morkinj: Uniil ami ai.', ilosiun oomlonsmi; lomporainro of wot- oiH'linn syslom, 

Ibormal offioionoios i»l tximpmoni oomjx»nonls (ONpamlor, oomprossor, |Himp, fan, 
olo.l, lixoil obari;o ralo. ami oi>sls ol oloolrioily, st'lar oolloolor, boat oxobannor 
siirfaoo, oloolrio motor, ami tan blailos. Tboso inpul paramoiors oan bo roatlily 
obancoil so as u* allow ibo pinnram lo b<* qmlo nonoral ami ailaptablo lo b>oal 
oi>miilit>ns. 

Syslom vari a blos . - Wiib llu* in|Hil ami paranu'lors Ibo tbormollnui, lu'ai 
iransfi*!* ami tx»si (H|uations I'f ibo s.xsiom oan bo \triltt*n in torms i>l f«»ur rariablos 
wbiob oan bo varioil imiopomion'.Iy ami wbiob must In* optimi. i'il lo viobl llu* li*asl 
oosI I'f llu* syslom 

I'bo four vanablt*s art* (ai millal lom(H*ralurt* tbflt*rt*noo d rib, \\bu*b is tli*- 
finotl as llu* lom|>t*raluro iliflt*ri*nt'o bol\M*i*n Ibo wttrkini; fluiil «*nlt*rini: llu* oon- 
tlonsor anil Ibt* ambu*nl air. (bl oomli*nsmi: li*m(v*raturt* ol llu* \\i>rkini; fliiul, 

( 1*1 numlvr I'f IuIh* banks in llu* iliroolion of air fli»w, ami pb mass \oKh*ii> ratio 
ol llu* workuii; lluul aiui llu* air. 

(’ osl tHpialions . - Tbi* inoroasoil oosi iliu* lo llu* uso t»l ilry- omtlinn inolmlt*s 
int'romt*nial oapilal oosi, «»|H*ralinn oosi, .iml [vn.illy oosi iliio It' ilot*rt*ast*il Ibormal 
t*llioit*nov ami ullotl si>l.ir ot|uipnu*nls \\bont*vi*r Ibo ambioni lt*mpt*raluro is binlu*r 
than Ibo tli*si|;n ooiulituxi. 

riu* ot>sl of llu* wt*l-ooollni; to\\i*r ami llu* Wi*l-otMulonsor for llu* ooinonlional 
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8ystcm i8 ostimntod at $700. The maintenance cost of the wet-coolinc system, 
u-hich might be significant, is not included in the analysis due to lack of data m the 
field. 

The Incremental capital costs are broken down into: 

1. Cost of solar collector; “• - A.,), where Cj is the cost per square 

foot of collector, Aj the collector area required in dry-cooling and A., in wet- 
cooling. 

2. Cost of hot water st* rage tank: y,, ■ $0.75 (A^ - A.,); see reference 5. 

3. Cost of condenser surface and header: “ C.>.^^, where C., is the cost 

per unit condenser surface area installed, .and A.^ the condenser surfaee area. 

4. Cost of motors lor fan .and pump y^ »- + I’.,), where C^ is tl 3 cost 

of motors for the fan and pump per horsepower; Pj is the jxjwer riK|uired for the 
fan luid 1’., the jx>wer for the pump. 

5. Cost of l.an blades: y^ * "'here C^ Is the cost of f.an bhades ;>er unit 

area covered, and A^ is th irontal area of the condenser. 

Thus, the annual total Incremental capita! cost, y^, is 

^c “ '^1 ^ '’2 ^ y.3 '’4 ^ 

where f^ is the fixed charge rate or capital- recovery factor. 

The ofKM’ating cost Is for electricity to power the f.an .and Is computed by 


y 


o 


CrKH 

o 


(5) 


where CV Is the electricity cost |x*r KWIi, K the power for the fan, .and II the 
tot.al ojx* rating hours of the fan per year. 

Wlien the ambient air tem|)or.alurc is higher than design temperature, the 
thermal efficiency decreases. To meet the designed cooling loa<i, conventional 
energy (electricity) is required to make up the deficit. The cost, y^,, is tlie 
electrical energy penalty cost. Also, the decrease in capacity due to higher am- 
bient air temperatures pcn.alizcs capital investment because of the partially or 
entirely Idled solar collector- storage unit. The capacity ;H>n.alty cost, yj. Is 
computed on the basis of yearly lost capacity of the solar unit. 

Thus, the yearly incremental cost of the solar-|x)wercd Hanktne-comprc£,sion 
air conditioner with dry- cooling is 

y = yc + .Vq >’e ^ ^f 

Procedures . - The procedure is to minimi/.c the .annual toial cost of the 
system for using dry-cooling for given values of condensing temperature of the 
working fluid and compare costs. The minimization method applied herein is 
Itosenbrock’s constrained hill climbing procedure (ref. G). Four constraints arc 



tm|N)ut'(l on tiu’ MVHtom; (:i) aJ»* ’.oloony i« tt> In* kopt holow -Ift. 7 m hoo (ir»0 ft boc), 
th) I'ontlonbin^ l»*mpiT!ituiv lb in llu> ranno i*f 37.8** l’ ilOO*' I-') and r>l,-l** r (1.30** n, 

O 

U’) tho minlnuim nllowablo air probburo tirop aorobb tIu* .‘omlonb«*r lb H. 70 k); m“ 

o 

(2 lb ft"l, and pi) Iho lowor Uuiml ami lH>iiml of tho mabb voloolly ratio of 

onttM'inK va|H»r and air an* fiini'thtnb of mimbor of tub* bankb, air volorlly, ami 
air bldo probbiiiv drop. 

l>m'o tiu* dry-i’tK>linn bybtom hat boon doblpu-d for a nlvon I Tl), Itb |H*rforinam’t* 
lb I'valiialoil at amblont air tt*tn|H*ralur»*b ropi obi'nlatlvo of loral yoarly tliictuatlonb. 
I'oi thlb di*bl|*n I’t'l), a flxod alr-nH>lt*ii i‘ondi'iuu*r bl/.o, fan ami pump |Hmt*r an* 
abbumotl. Huib, when tiu* oondonblnK t(‘in|H*ratun’ lb lilKhor than tiu* tlobl^n valuo 
iliu’ to hijd' amblont air tom|H*raturo, iho I'obt «>l b»»lh onor>;y and oapaoily |H*naltlob 
lb th»*n oom|Milt‘d for thlb amblont tomporaturo ami imilti|>ltod by tho in-roont of tho 
y»*ar thlb tomporaturo lb o\pt*rionood at tho bito. 

Tho output of tlu' program lb Iho annual lotal lm*romontal i-ost tlu'lwoon ilry 
oiHiIln^; ami \vol-otH)liiin>, tho dobl^n I TD, numbor i>l tubo bankb, oomloiibor bl/.o, 
mabb flow ratob of working: fluUl and air, ami othor optimum do:-'tnt b|H‘olfloatlonb. 

Tho How dlaKi'anib of tho oomputi'r «loblKn program lb dlb|>layoil In ap|H'ndt\ A. 
Tho 1 m|h: 1 ilala nHjuin'nu'iit, notation and liblint; of tl.** pronram aro probontod in 
appomlix It. A samplo dobii;n output for Ubo in I’hilailolphia lb i;lvon In ap|H*ndix l'. 

m\Slil, rs AM) DlMThMON 

l•'l^;urob 3|al ami d'l showb tho annual im-romontal oobt »luo to tho Ub»* of dry- 
oot>llnn In I’hlladolphla ami Miami lor ubinn two ilifforont oondonsor burfaoob, whloh 
aro lakon fn»m roloronoo 7. SHirfai'Os A ami H robt>oollvoly rotor ti> fljjurob 10-83 
and 10-81 in that rofort*mu*. 

Tho ourv«*b aU>nn with tho valuoi hitown imiioato tho |H*roontano of otHtlint; loatl 
bupidlod by bolar om*rny. Kor a lar^o oimdonbor tbinall I Tl)), tho oapltal ami 
o|H*ratin^ inon'nu'ntal oostb aro hlnh, but lltlb* or no otH>llnn oapaoity lb lobt tthub 
llttlo or m> oiu*rn\ ami oapltal ponalty i ost lb Invohaal) at hl>;h amblont air Iouhht- 
alurob. To mo*'t tho bamo poroontanos of tlu* yoarly ooolinj* load t-lO tu'ioont for 
Miami and 77 poroont for I’hlladolphla whon a wot-ointllni; byslom lb Ubi'ill, tho 
inon'nu'nlal oobt for ailaptinti a ilry-ooolini* bvbtom lb nuilo hi^:h. 

It lb noloil that oaoh |X)int on Iho ourvo lb a minimal optimum iHiint oorn>- 
bpomlinn to that ilobln'i 11*1), ami honoo tho truo optimum for tho tiry-ooolint; biib- 
bVbtom lb that dosl);n I Tl) whloh y'**ldb tho lo.ijsl oobl. Kaoh tx»int also lilontiflob 
tho |K*roontat*o of Iho ooolliiK load provbloil by solar onorny. Slm*o thoro is a 
unh|uo valuo of solar |H'n ontano for oaoh |xnnt alonn Iho ourvo, tho ourvo oan bo 
Inlorprolod on tho basis of solar |H*ro»*ntatu* of tlu* ooolliifj loail as woll as tho 
rri). Tho ourvop aro fairly smooth ami oorisistont oxoopt a low |x)|nts whloh 
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fluctuate alont: the curvea, Tlila ta bi*llevtHl to bo tbo oonaiHiuonco of 8(N.‘Ciflc 
lioslttn roi)uironu'ntH auoh as the number of tubi> banka having to Ix' an integer :m(i 
the ini(H)aei{ alUnvable minimum air preaaure lirop ncrosa the coniienaer. 

The eurvea in figure 3(a) iind (b) result in definite minimum valuet of the coat 
increment. In all caaea, the coat increment ia quite aenaltive to the aolar |ier- 
centage of the ciH>ling load - particularly that (HU-tion of the curve with aolar ^x•r- 
centagea hig^u'r tiuui at the minimum coat |K)int. For aurface A under Miami con- 
dlliona, the coat increment la appix)xim:.tely 200 {x'rcent greater for a decreaae in 
aolar jH'rcentage of 3 |x*rcent. AlUiougt) the coat Increment :ilso liaea aa the 
aolar |H*rcentage dropa lu'low the optimum |*oint, it Increaaea only approximately 
15 |H*rc»'nt tor aolar [H’rcentaee tk'creaae of 8 ivrccnt. Ucaulta are aimilar for 
Uie other 3 cases. 

The algnificance of the comienaer suriace design ia seen by a compariaon at 
the optimum |x>inla. I’ae of aurface M wouhi coal 850 per year more compared 
to aurface A, to meet 73 percent of the ciH>llng load in I'hiladelphia. 

Figure I illuatratca the Itcml/ed annual incremental coat for using a dry-ct>ollng 
ayatem in I'hiladclplda. I'he conlril)uliona of capilal, o|H<rating, and penally 
coata to tlu* total increntcntal coat are clearly shown. The ahaticd area indicates 
the capital savings at lliose design I TIVa corre8|x)ndlng to relatively small con- 
iIcnsiM's. Figure 5 allows the effect of numbi>r of IuIh' Itanks on the incremental 
coat. The daahed linea are uscil to indicate only the general trend alnce the 
numlH’i* of tube banka must be an integer. 

The highlight of the optimum design s|x'cifications for I'hiladelphia and 
Miami is tabulated in Table I The breakdown of coats is also given therein A 
sample output of the design program is given in apiH'iulix 

SlMMAltY OF ItF.Sl I |\S 

.\n optimum design piDccilure has been dcvelo|HHl to estimate the annual in- 
cremental cost for a three-ti»n solar-|x)wci’cil Uankinc-ci>mprcsslon air con- 
ditioner txjuipped wl:h a dry-cixiling condenser over that with a wet-ciH>ling 
tower. Conclusions may be made as follows: 

1. The sensitivity of the cost increment between the two cooling systems 
illustrates the need for ;in optimization progra'n when considering a ilry-coollng 
solar system. 

2. Within the conditions and guidelines st:ited within the report, it was con- 
cluded th:it - 

a. The cost increment was significantly higher »a greater penalty! when 
v:ducs of solar perccnt:ige of the lawling load (an iiqxd parameter! was greater 
than at the optimum jx)»nt compared to when the values were smaller thar. optimum. 
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I*. Prv iM «voiu*mU*{ilh with w«'t riH'lliin 

wluMii'\i*r tiu' m.iliUj’njiiU'i' i'Oht »'l tlw* Ijitti'r Ih l»;iUM‘i'«t tii tilth htiwiO th lit 

till* nuim* »‘l SUH* to $*.’00 pi'i- >i*;iv, or mvutov. 

o. riio opttiiilr iittoii pn’^ti jiiii li:ih proxoil ti* I’o !hl!ipt(il»li* to viirloiih loosiloh 
tiiul itt*hl|;ii *1^1111 ronii'iith. 

:i. riio ilr> oiH'lliin holtir Mhlom, wlitoli olliiiliiiiti'h wjitor vhihm- tii tlio iit 
iiioh|«liori*, otiorh {I hottor oiivln»miiout wttli ii hli^litlv lituliov or no nil«litUMi;il oont 
tih oonipjiroil to tin* wot oooltnn t»»wor hihtoni. 

Smiio hl^iiltU'tuit roiH!ilnin>: problonih or ipiohttoiih aro .*ih toUowh 

1 . Al>hi*rptioii air oolllllttontll^ haw not \ot boon ooiihUloroil In a ilry oimllnn h\h 
loin lino li* till* on hlalll.'all»*n ot llio working llnhl at lili;li aiiilnonl toinporaliiroh 
It tilth pn'bloni oaii bo a»Mri*hhi*»l aiul hi'lxoil, tlii* bonolllh i*l »lr\ oooltii); w»uiUl 
bo applioablo lor mioIi miilh 

‘i. Mainlonanoo ii*ht tor wali'r lioatniont ol llio wot o»*«*lin>: lowor iihoil tor 
holar ilriNon roMilonllal air oomlillonorh. 

:i. i'l'ht ol lioal o\»*liannoih lor roloolinn wahio boat l»* aniblont air, ah lo 
i|niroil b\ ilri oi'olin^;. 
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APPKNDIX A 
HOW IHAMS 
Flow DitiKrum of Subroutine callinK 



MAIN Main pit)(>ram. 

STAItT Findb btartin^t valuc'b of variableb suc-h that they batlbfy both the explieit 
and implieit eonbtralnlb and do not lie within any boundary zone. 

Ol’TIM Sieekb minimum by meanb of conbtrained Hobenbroek method, 

F objwtive function of the total yearly bub-bar eobtb. 

CX ('onbtramt functionb. 

C(j Lower bounds of t'X. 

I’pper bounds of (’X. 


CH 




JO 


Nil>i'outlitt* N;irt 







Mailt I'rottram 
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Function F 
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Arm 

AKA 

AKItl. 

AU’IIA 

AMI A 
AMl'IU'. 
AM I’ HI. 

n - C2 

I'.T - (.’fi 
I'li- t'8 
- I'll 
I'lU - i’i:i 
I'M - I'lf) 

(.'Hi - 1'17 
I'lS - t"JO 
(,'Ji - i'j:i 
I'OM'M 
I'OM- 11 
I'l’A 

t'i'ur 

I'll’KA 
(.'DM'W 
t'oM r 


AI’PKNDIX 11 

PIUKIHAM INI'IT DATA, NOTA l lON, AND UM INII 

ln|Hil 

U’lniH’raturi* Im'Iwih'II llu* 

I’oiulriiHlii)’ U-12 ami llu* amliii'nt air), (■'') 

riuM'iual r»*mhu-llvHy i>f air (lltii hr-ft- K) 

riu'rmal roiuiin'livity t>f lii|iiUi U-12 hr-ft- K) 

Uatlo ol total transfor aroa of alr-nl»lr of lu'at »’xrhanm>r to total 
oxchanutM’ volunu* 

Dynamir vlhoobity of air illv hr-ft) 

Dynamtr vl8iH»nity of U-12 va|K»r tlh hr-ft) 

Dynamto vlbri»Kity of Ihiiild U-12 tlh hr-ft) 

I'lH’ffioiiMUb i>f oiirvo fit for Itankiiu* oyolo offU*uiu*y 

l’i»offu*iontti of I'urvo fit ft»r roin|»ro8blon oyrU* I'Ol' 

t'ooffu’irnts of riirvo fit for t’litlialpy i f U-12 va|H>r 

t'ot'f'’.fii'ntt» of nirvo fit ft>r onthalpy of U- 12 li»|iil*l 

t'oi'ffioii’Hth »>f i‘urvt' fit Maturation prosburi* of U-12 

t'urvo tit i'onh, «nlH f«>r «iiim'nt«ionIt*t>h lu*af traiihft'r rooffloionts for 
lu'at oxohanm’i’ Murfaoo 

I'urvo fit I'ontstanlM for fru-tion fartor ftir boat oxt'hannor burfaco 
t'ooffiriontb of lairvi* fit fi>r K|H*fifii' volumo of U-12 Ihpilil 
I'ooffirifiits »>l I'urvo fit for btH'oifli’ voluim* of U-12 vainu- 
l'i)st of olfotru' motor HI) 

Fan hlatio font por area eovort*«l ($/tf) 

8|H'i'ifle heat of air (Htu Il>- I') 
h|H>fifii' lu*at ol lupiid U-12 (Htu llv- F) 

• > 

Cost ol oooliii^ tower |H>r unit total ar»’a of exi'hanner (5> ft") 
t'osl of eleefrieity (8 K'Vll) 

I'ost of S>lar eolleetor i8/ft”) 

llydraulie diameter® 1 \ ‘l»n\ patsbane hvilraidie radius t'.t) 


DFg 



DITCH 

KFFAN 

FFI> 

FCU 

FEHC 

FTHK 

OD 

PAI 

PFKSS 

PUA 

PKKL 

WE 

UFATA 

miOA 

lUlOK 

bIC.MA 

SLF 

TAIl(I) 

rcH 
TEH 
TINXH 
TK F 

TPEIU(I) 

VADF 

XD 

XV.' 

WFTC 


lU 

NumbiT of flnu |X'r foot (finw/ft) 

Fan efficiency 
Pump efficiency 

Flxcd-charite rate (jiercent/lOO) 

Kecoverable cnernj' factor for moving air (j)ercent/lOO) 

Fin thlekneuu of exchanger (ft) 

'Pube tUameter of heat exchanger (ft) 

. *> 

Entering proHHure of air (IVi*”) 

Percentage of cooling load uupplled by bolar 
Pr;mdtl numlier of air 
Prandtl number of liquid H-12 
Cooling capacity of the unit (Rtu/hr) 

Ratio of fin area to total are of the air side of exchanger 
Density of air (Ib/ff") 

Density of liquid R-12 (Ib/ft'"') 

Ratio of free- flow to i.-ontal area of air side of exchjuiger 
Fin helglit of exchanger (ft) 

Ambient air temjx'raturcs used in evaluating dry-cooling tower 
performances (F) 

Condensing terntx* nature of R-12 of baseline design wet cooling sysiem (F) 
Fluid temiKM-ature In the ev.-qxjrator (F) 

Temperature of fluid entering tlie expander (F) 

'rhermal eondueitivity of fin material of exchanger (Htu/hr-ft- F) 

Fraction of year TAIld’, exfx'rienced 
Velocity of air delivered by fan (ft/scc) 

Longitudinal tube spacing (depth pitch) of exchanger (ft) 

Transverse tube spacing (width pitch) of exi-hanger (ft) 

Cost of wet-cooling tower and "wet- condensers" ($) 
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A 

ACCL 

AfOh 

ACI’C 


AKIH' 


AFU 

ALMTI) 

Al T 

AMC 

AMP 

ANTI' 

A IT n 
CT)|’ 

DA 

DKLPA 

DKU’U 

DKLTA 

DKDY 

DKP 

K 

KFF 

KFFP 

KFZ 

KPS 

FAIR 

FU 


Not.'ition 

<» 

Toljil lu'jil tiMtiMfor !iri'a of air-uUk' of boat oxchanj;or (ff“)* 

Annual (H‘nalty capital and o|H*ratlnK coHtu duo to amblont air tom|H'r- 
atur<>b aU)vo doblKn tom|H*raturo (S/yrl 

Total annual IniH-bar oout of tho b.Vbtom (iji/yrl 

Anpjal ponalty capital cobt duo to amblont air tomjH'raturoB ibovo 
dobli^n toin|H*raturo tSi/yrl 

Annu:.l penalty o|HTatlnn cobt duo to r.mblont air tomporaturob above 
dobipi t»‘m|K‘raturo iS/yrl 

•> 

Frontal area of boat oxeban^or ift”) 
lA)n-mo:ui tonjjK'raturo tlifforonco (IT 
TuIh' lon^b of oxcb.inKor (ft) 

Ma«b flow rato of U-12 in tlio comprobbion cycle (Ib/br) 

Mabb flow rato of U-12 In tbo Uankino cycle (Ib/br) 

Number of traiibfor unit of oxebanpor 

■> 

Total area of tuboH of oxebanpor (ft“) 

Coefficient of porformiuico of comprobbion cycle 
Ccncral btorapo vector 

•> 

Air prcbburc drop acrobb ccl»anpcr (lb ft") 

•) 

U-12 prcbbiirc drop iiibidc tube (lb/ ft") 

Tcmi)crature increabc of air acrobb exi-banper (F) 

Difference between eurnnit value ami previoub btape value of objective 
function (S/yr) 

Di'()tli of exebanper (ft) 

\ eeior of initial btep bi/.cb 

Fin efficiency of exebanper (percent/ 100) 

Tbermal efficiency of tbe Uankine cycle (percent/ 100) 

Temperature efiectivenebb of exebanper fin ((H’rcent 100) 

I leal exclianper efiectivenebb (percent TOO) 

Friction factor of air acrobb exebanper 

Friction factor of U-12 flowinp iiibide of lube 



IS 


15A 

I'.M 

I'.UAlt 

II A 

lll’A 

iirii 

IIU 

K 

I 

l.iU'A 
I iH>PV 
M 
\ 

NI> 

NDA I’A 
MIXS 
NiMI 
M'AU 

NS n r 


iH'i'r 

I'UIX 

1>\V11X 

r 

IM’KW 

I’UKW 

I’K 


Mat*N M'lot'Hv i»l air ill* hr ll-l 

•» 

Mi*an m.iwt* vflorlli **l U 1- \a|H»r ill* hr fl"> 

Maht« vt'Iot'llv rallt* of va|*«*r U I'J It* air 

Mi'an air- Him i‘«*nihu-laiu*«' i*l a Hiim'tl »'M*haum'r ilUii hr-f»“-l l 
I’aii |*»*\\t>r li*r air ill I’l 
Piimp |*»'w»*r lor U-I'J |lll’> 

Moan II 1- Him ooiuhiotano*' in a pHn* iHlii hr H“-l-1 
I’olnl liulox 

Nnmhor i*t varial*lo« phiM mimt*(*r i*t Ok*nt<lraintb 
N'nmhor nt^oti to hionliix woathor nI< Hon 
Ma\muim nnml**’r ol sla^ot* l«* In* > alonlalotl 

i'pHml/ali«*n o**nlrollor, *l h*r ma\iml/ath*n, -I lor n\lnlml/alh*n 

iMnu'imh*!! Hmtl in Mil*lunolh*nt< I'. I'X, I’ll anil i'll 

Moram* oonirollor, I lor hlorano In I'A, 0 loi- no ^lora^o 

Nnmhor of ilata |x*inl(i lo ho hloroil in I'A 

Nnmhor iimoiI lo hiontiH hoal oNohangor Mirfaoi' 

Nnmhi'r of Inho hanks parallol lo ill root ton i*f air flow 

l*imonsion limit In snhfnnoHons l‘. I'X, i'll, aiul i’ll 

I’onlix*! ol slop si.’os lor oaoh lolallon, 0 lor ortk;in:il slop si/o, I 
lor slop si/o liMin proMons rolalion of a\os 

I'vorall ooolHoionl of porlormanoo ol Iho air ooiiiiilionor i 1'1‘l’r ^ I’l'l 

I'vorall lonp.lh ol Iho air- oooU. I ooiulonsor ill' 

I'lorall wiillh ol llio air oih*IoiI ooiulonsi’r ifH 

Nnmhor of \ ariahlos 

I’an |H*wor for air iKW' 

I’nmp |H*wor for U-l’J iKW' 

I'rinlinp, oonln*llor innmhor ol slapa's holwoon onipnis' 

N*lar on«'i>;,i oollooloil h\ Iho oolloolor ilUn hr' 

S'lar onoi'iv' oollooloil h\ lIu' oolloolor lor Iho hasoHno ilosimi nnil 
I Hill hr' 


lOHH 
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UKU 

ur.MA 

s« 

sri’U 
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lAO 
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n lA 
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\A 

Vt'l. 

viu 

\VA 

Wl’OMP 
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wmii' 

\vu 

XI 

YP 

YlM 

\C2 
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til 

lloiil ivjtvtion from liio oompiVHHlon oyrU' ilUu hr) 
lloal ri'jOi'tit'i) ihrouKh iho air-ooolotl romU'ittior (Mlu hr) 
lloal ivjtvtlou fn»m Iho Uanktiio owlo iDtii hr) 

ItoynoltiH luimhor of atr fli*w 
Uoyiioltih mimhor of H 12 flow 

HaUtt of air-(iliio area to U- 12 btdo aroa of oM'haiiKor 
rraotion of i'(H>I|iik load Mipplioti hy h«>lar «*iuM>ty 
I’rodiu't of Mant«>n mimhor aiul rraiultl mimhor to flu* 2 :> |Hiwor 
SjH'offto volumo of U-12 \a|H»r dt'* H*) 

SfH'oifio voliimo of ltt|iiiil U-12 U* ' h*) 
romp»-raliiro of atr onforfnj; fho oiMuU'imor (1) 
l>*m|H’ratur»> »*f air loavln^ flio oi»mlonsor O'*' 
iV'Mi^n oomii'imfn^ tom|<i*rafiiro of U-12 0‘) 

•» 

i'\orall hoaf lranwf»*r oo«'ff(oii*nl liahoil i>n afr-sido aroa O'fii hr-ff“-l’) 

•t 

I'v •rail hoaf lran«for oooffioi»*iU liahoil **n U- 12 niilo aroa tUtu hr-fl“-l’) 
l)f roof Ion vot’lor 
Air volivlty iff ^oo) 

Voliimo of lu'at «'\ohan^or dl’*) 

VohH'llN of U-12 \ a|H»r onlorliiK llio i'i>iulonn»'r iff woo) 

MaM< fh'w ralo of air |H» hr) 

I’owi'r iiHimrotl l»v Iho oom|*n'«M*r d'fii hr) 

I'owt'r m'lmrati'd h\ iho *>\pamlor il'tii hr) 

I'owor rot|iitrotl In Iho inimp dll’) 

Tolal mat<8< flow ralo I'l U-12 df* hr) 
lmlo|H'Mdonl variahloh 

• * 

Aroa of solar oolloolt*r dt") 

Ti'lal amui.il hns-l»ar oapital oi»st iJi yr) 
i'apllal oosi I'f solar i*olKvlor aiul sforam* lank ijn 
I'apllal oi’si of air- o»h<1oi 1 ooiulonsor iS) 
i'apilal oosI of »'loolrlo motors i?) 
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